Abstract-In this paper, impact of polarization mode dispersion (PMD) on the bit error rate (BER) performance of direct sequence optical code division multiple access with in-line optical amplifiers is analytically investigated. Intensity modulation direct detection technique is employed in optical correlator receiver. Optical orthogonal codes are used as address sequence. The system BER performance is determined in presence of PMD and different noises induced from receiver, optical amplifiers, and multiple access interference. The power penalty suffered by the system is evaluated at BER of 10 -9 . It is found that the BER performance of the proposed system degraded more at high chip rate, chirp parameter and long fiber length due to the effect of PMD. Further, the BER performance of the proposed system is studied in presence of PMD compensation with frequency advanced higher order PMD vectors. The results demonstrate that the system BER performance is improved significantly for a particular fiber length and third-order PMD compensation technique shows better performance compared to first-, and second-order compensations.
I. INTRODUCTION
The optical code division multiple access (OCDMA) has drawn significant attention in recent years because of its attractive features such as asynchronous multiple users access, privacy, and security in transmission [1] [2] [3] [4] . In previous studies, extensive researches were carried out on intensity modulation and direct detection on-off keying OCDMA [5] , pulse position modulation OCDMA [6] , spectral-phase encoded OCDMA [4] , phase-encoded OCDMA [7] , frequency hopping (FH) OCDMA [8] , and direct sequence (DS) OCDMA [9] . These studies were carried out [7] [8] [9] to evaluate the bit error rate (BER) performance of OCDMA considering only the effect of group velocity dispersion (GVD). It is well known that polarization mode dispersion (PMD) severely degrades the BER performance of optical fiber communication at high bit rate [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] due to differential group delay between two principal states of polarization which causes spreading and overlapping of bits. In case of OCDMA system, it is believed that the BER performance will degrade more by the PMD due to transmission of short duration chip. To best of our knowledge, there is no study on DS-OCDMA considering the effect of PMD.
In this paper, an analytical approach is presented to investigate the BER performance of DS-OCDMA with in-line cascaded optical amplifiers taking into account of PMD for a single mode fiber (SMF) operating at 1550 nm assuming that the GVD-induced effect is compensated. In our analysis, Gaussian-shaped optical orthogonal code (OOC) is used as user address. Avalanche photodiode (APD) is used in the optical correlator receiver. The BER performance of the proposed system is determined as a function of system parameters considering different noises associated with the system. It is found that the PMD-induced pulse shape broadening severely degrades the proposed system performance for long fiber length, high chip rate, and chirp parameter. Furthermore, the system performance is studied in presence of PMD compensation and significant improvement of the system performance is found by third-order PMD compensation with respect to first-, and second-order compensations.
II. SYSTEM DESCRIPTION
The schematic block diagram of the proposed OCDMA transmitter, transmission medium with in-line optical amplifier, and optical correlator receiver is shown in Figs.1 (a) , (b), and (c), respectively. In the transmitter, user's data is encoded by unipolar signature sequence. The encoded signals of N users are coupled using an N:1 coupler and transmitted through optical fiber transmission medium with n sections and N A [N A = (n-1)] in-line optical amplifiers. The gain of the amplifier is adjusted to compensate the loss of the optical signal in each fiber section. In the receiver, a particular user data is decoded by the correlation operation using an optical correlator receiver. The output signal is integrated throughout the data bit period, and then compared with a threshold level at the comparator for data recovery. 
III. THEORETICAL ANALYSIS

A. Pulse broadening due to PMD
The rms pulse width broadening due to the PMD is given by [15] 
where Ω and s are the input PMD vector and input state of polarization (SOP), respectively. 0 σ is the initial rms pulse width defined as
The bracket, < > denotes frequency average such that 
where {.} E denotes expectation value. From (4), the unchirp broadening factor due to the PMD is given by [15] 
where σ ∆ is the magnitude of the PMD vector |) | ( Ω = , referred to as the differential group delay (DGD). In deriving (5), the order of the frequency integration and averaging was changed, and the frequency correlation of the PMD vector is used, which is given by [16] . ) (
For an intensity normalized unchirped Gaussian initial pulse, the broadening factor is calculated analytically and given by 
Here L is the length of the fiber, PMD D is the polarization mode dispersion coefficient and C is the chirp parameter. The frequency correlations between the higher order PMD vectors, which are defined as frequency derivatives of the PMD vector, can be derived by differentiating (6) 
which also gives us the expectation of the higher order PMD vector as a function of } { 
B. PMD Compensation with frequency advanced higherorder PMD vectors
In this section, a simple approach to higher-order PMD compensation is presented with frequency advanced higher-order PMD vectors. The idea is to use the frequency average of the higher order PMD vector of the fiber in emulating the compensation PMD vector. The compensation PMD vector will be in the form of
. (11) This compensation vector may not be a good approximation of the fiber PMD vector near the center frequency for large PMD values, but in terms of PMD compensation, it may be more effective. The performance of this approach is analyzed in the section IV.
BI. First-Order Compensation
In the first-order compensation, the total PMD vector is
The broadening factor calculated in the same way can be given by
BII. Second-Order Compensation
Applying the idea to the second-order compensation, the total PMD vector becomes
. The broadening factor can be represented by 
BIII. Third-Order Compensation
In the third-order compensation, the total PMD vector is
. The broadening factor is calculated as follows: 
C. The BER Calculation
In this analysis, the effects of shot noise, surface leakage current and thermal noise current associated with APD receiver are considered. Furthermore, we assume that all users have the same effective power at any receiver, the identical bit rate, and signal format. For an OCDMA system with N transmitter and receiver pairs (users), the received signal ) (t y out is the sum of N user's transmitted signals, which can be given by
where R P is the received pulse peak power, i B is the i-th user's binary data bit (either "1" or "0") with duration b T
is the j-th chip value (either "1" or "0") of the i-th user address code with code length F , code weight W , and i α is the time delay associated with the i-th user's signal. Without loss of generality, we assume that user 1 is the desired user, all delays i α at the receiver are relative to the first user delay only, i. e., , and F n < ≤ 0 is an integer. In that case, the multiple access interference (MAI) will be maximum and the BER will be an upper bound on the BER for the chip asynchronous case. At the receiving terminal, the correlation operation between signal ) (t y out and a replica of the desired user's address code is carried out by an optical correlator receiver to achieve decoding. The decoding signal is incident on the APD. Output photocurrent 1 Y sampled at
can be written as
where ' µ is the desired user's signal current, ' ' µ is the interference signal current due to MAI, n µ is the APD noise currents (shot noise current, bulk dark current, surface leakage current, and thermal noise current), and A µ is the optical amplifier noise currents (signalspontaneous beat noise and spontaneous-spontaneous beat noise currents). We assume that the ( F ,W , ) (t g ) OOC's selected as user address codes. By the correlation definition of OOC's, each interference user can contribute at most one hit during the correlation time. If γ denotes the total number of hits from interference users, the probability density function of γ is given by
where
and γ is an integer (0 ≤ γ ≤ N -1). If code length F , code weight W and γ are given, the first two terms in (20) where the exponent x varies between 0 and 1.0 depending on the APD material and structure, M is the average APD gain, 0 R is the unity gain responsivity, e is the electron charge, BD I is the average bulk dark current, which is multiplied by the avalanche gain,
SL
I
is the average surface leakage current, which is not affected by avalanche gain, e B is the receiver electrical bandwidth,
B
κ is the Boltzmann's constant, T is the receiver noise temperature, and L R is the receiver load resistor. 
Here, we assume that the bit "1" and "0" have the identical probability. The total probability of error e P per bit is given by and fiber attenuation = 0.2dB/km are considered at wavelength λ =1550 nm. Fig. 2 depicts the plot of BER versus number of simultaneous users for constant transmitted signal power. The results are evaluated for Gaussian-shaped chip with different values of fiber length L when chip rate = 80 Gchip/s. It is found that the BER performance of the proposed system is highly dependent on the number of simultaneous users as well as fiber length. The BER performance degrades with number of users due to the effect of MAI for all values of L . It is also found that for a particular number of users, the BER performance is aggravated with increasing fiber length due to the effect of PMD. This is because the amount of birefringence increases with increasing fiber length. The BER performance is further plotted in Fig. 3 with respect to received power for different fiber lengths when chip rate = 80 Gchip/s, and number of simultaneous user = 10. It is found that the amount of received signal power increases with increasing fiber length in order to maintain a constant BER of 10 -9 , because the signal power to noise power ratio (SNR) goes below the base receiver sensitivity due to the effect of PMD. The power penalty suffered by the system is determined at BER of 10 -9 and plotted in Fig. 4 with respect to the chip rate for different fiber lengths. The results are determined for the simultaneous user 10. It is found that the power penalty increases with increasing chip rate due to the effect of PMD. It can be depicted that, with increasing chip rate, the chip duration becomes very short, consequently, the possibility of interchip interference increases between the adjacent chips due to the differential group delay resulted from the PMD. The PMD-induced penalty is found to be almost negligible for chip rate lower than 10Gchip/s. However, it is evaluated to be 3.28dB when chip rate increases from 10Gchip/s to 80Gchip/s for the fiber length of 150km. It is also found in Fig. 4 that for a constant chip rate the system suffers more penalties with increasing fiber length. The PMD-induced penalty increases from 6.345dB to 9.117dB with increasing fiber length from 50km to 200km for a constant chip rate of 80Gchip/s. Fig. 5 shows the plot of power penalty verses number of simultaneous users for different chip rates. The results are determined for the fiber length 100km. It is found that the proposed system suffers more penalty with increasing number of users due to the effect of MAI. It is also found that for a particular number of users, the penalty increases with increasing the chip rate due to interchip interference caused by PMD-induced broadening of short duration chips. To understand the influence of chirp (C) on the performance of OCDMA in presence of polarization mode dispersion, the system performance as a function of chirp parameter is determined. The results are shown in Fig. 6 with respect to chip rate where it is found that the system performance does not improve with chirp parameter. It is presumed that the BER performance of the proposed OCDMA can be improved by the PMD compensation using a suitable compensation technique. Using the mathematical formulations presented in previous section, the BER performance of the proposed system is further evaluated in presence of frequency advanced higher-order PMD compensation technique. The power penalty suffered by the system is determined at BER of 10 -9 as a function of chip rate. Fig. 7 shows a comparison among the power penalties evaluated taking into account of PMD and different order of PMD compensation for fiber length 100km and number of user 10. It is found that the PMD-induced penalty is almost negligible below 30Gchip/s and increases sharply with increasing chip rate. This is because differential group delay between two principle states of polarization increases with increasing chip rate. The PMD-induced penalties are found to be compensated by 1.59dB, 2.13dB, and 2.25dB, using the first-, second-, and thirdorder PMD compensations, respectively. It is also found in Fig. 7 that there is a constant penalty (~5dB) at lower chip rate that can not be compensated, because this penalty is due to different noises for the proposed system. To understand the performance of PMD compensation in terms of PMD co-efficient the system BER performance is further evaluated for 100km fiber length, 80Gchip/s and number of users 10. The results are shown in Fig. 8 where the compensation performance found to improve with increasing PMD co-efficient. The results indicate that, using the first-, second-, and third-order PMD compensations, it is possible to compensate PMDinduced penalties approximately 1.94dB, 2.92dB, and 3.24dB, respectively, for the PMD-coefficient 0.9 ps/√km. The results presented in Figs. 7 and 8 indicate that using the frequency advanced higher order PMD vectors it is not possible to have full compensation. The results also indicate that third-order PMD compensation gives better results than the first-, and second-order compensations. To understand the extent of effectiveness of the proposed compensation technique, the amount of PMD-induced compensated penalty is plotted in Fig. 9 with respect to fiber length. The results are evaluated at 80Gchip/s and number of user 10. It is found that the proposed compensation technique is suitable to compensate PMD-induced penalty up to 250km, 350km, and 400km fiber length for the first-, second-, and thirdorder PMD, respectively. After that the compensator performance is found to be degraded with fiber length due to the limitation of the proposed compensation technique.
V. CONCLUSION
The BER performance of the proposed DS-OCDMA system is evaluated in presence of PMD of a single mode fiber operating at 1550nm assuming that GVD is compensated. The results obtained in the present study demonstrate that the system BER performance degrades severely due to PMD at higher chip rate. The typical value of power penalty changes from 5.041dB to 7.44 dB for increasing the chip rate from 10Gchip/s to 80Gchip/s when fiber length is 100km and number of user is 10. It is also found that the BER performance of the proposed system degrades due to PMD with increasing transmitting fiber length. The system suffers power penalty from 6.054dB to 8.399dB when fiber length is increased from 50km to 200km at chip rate of 70Gchip/s. The power penalty is found to increase from 5.244dB to 8.594dB when number of simultaneous user increases from 5 to 25 for the fiber length of 100km, and chip rate of 60Gchip/s. It is also found that the BER performance of the proposed system is degraded with chirp parameter. The typical value of power penalty increases 5.707dB to 7.841dB for increasing the chirp parameter from 0 to 3 at fiber length of 100km, and chip rate of 40Gchip/s. The BER D PMD [ps/√km] performance of the proposed system can be improved in presence of frequency advance higher-order PMD compensation technique. The PMD-induced penalty is reduced about 65%, 87%, and 92% using first-, second-, and third-order PMD compensation, respectively, at fiber length of 100km, and chip rate 80Gchip/s. The results obtained in the present study indicate that the proposed compensation technique is suitable for a particular fiber length.
